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LIGHT EXTINCTION IN A DISPERSION OF SMALL NEMATIC DROPLETS

S. Zumer, (1) A. Golemme, (2 ) and J.W. Doane

Liquid Crystal Institute

Kent State University

Kent, OH 44242

ABSTRACT

The light transmission properties of materials in which submicron size nematic

droplets are dispersed in a solid polymeric matrix are studied. Theoretical

calculations of the differential and total cross sections have been performed in the

Rayleigh-Gans approximation for different nematic director configurations. The

effect of interdroplet interference is discussed in relation to the droplet distribution,

and different models for the pair correlation function are taken into account. An

attenuation coefficient is defined and calculated for different director configurations.

Theoretical calculations are in excellent agreement with experimental data obtained

from thin films of materials consisting of droplets of cyanobiphenyls dispersed in an

epoxy resin.
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I. INTRODUCTION

Light extinction1 in a random dispersion of small non-absorbing objects depends

on their scattering properties and their distribution in space. Light scattering from

a single object is a classical electromagnetic problem. 1 3 Exact solutions are known

for few objects, 4,5 so that one is forced to use approximate approaches. 1 The most

known simple approaches are: Rayleigh-Gans approximation 6,7 (RGA) for optically

soft small objects, anomalous diffraction' (ADA) for large optically soft objects, and

geometrical optics1 for very large objects. In relative few studies optical anisotropy

was taken into account. 2 ,8 -1 1 The spatial distribution of the scattering objects

influences the light extinction via two effects: the first one is interference 12,13 which

predominently affects the distribution of the scattered light and to a lesser degree

the total scattering cross section. The second effect is multiple scattering,' 4 which is

important when the path of light in the dispersion is long enough that the

contribution of the indirect (scattered) light in the direction of the incident beam

becomes substantial.

In the following we are going to study light extinction in materials consisting of a

random dispersion of micron size nematic liquid crystal droplets in a polymeric

matrix. These materials have been recently developed for use in optical and

electrooptical devices. 11, 15 ,16 Nematic droplets in a polymer are optically soft but

anisotropic scattering objects. In most cases their indices of refraction ne - 1.7 and no

-1.5 are close to the index of polymer nri -1.50-1.55. The anisotropic properties are

related to the nematic configuration in the droplets and can therefore be influenced

by external electric or magnetic fields. To focus our attention on the effects of the

optical anisotropy we shall limit our treatment to cases where multiple scattering

can be neglected. In case of submicron nematic droplets this is not a severe

limitation because they have relatively small scattering cross sections.
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For our starting point we use the results obtained in RGA approximation for

differential and total cross section in our recent paper"1 . In Section II we describe

our system of droplets and possible director configurations. In Section III we

introduce effective cross sections per droplet and the structure factor for the

description of the interdroplet interference. Section IV is devoted to the study of pair

correlations and their effect on the structure factor. In Section V we calculate

effective scattering cross sections in RGA for different structures. In Section VI we

define and calculate the attenuation coefficient. In Section VII theoretical results

are compared with experimental data.

II. NEMATIC DISPERSION

These materials are the result of polymerization induced phase separation from

initially homogeneous solution of liquid crystals and monomers. The dispersions can

have relatively uniform droplet sizes, 15 ,17 with a mean size ranging from 0.1 to

10pm, depending on the concentration of the liquid crystal and polymerization

rate. 17 A typical example of an electron microscope picture of a cut-through is shown

in Fig. 1.

The equilibrium director configuration of a nematic liquid crystal in a spherical

droplet is well known only in large droplets where it can be studied with an optical

microscope. 18,19 For submicron droplets there are only theoretical predictions based

on the strong anchoring conditions.20-22 In this paper we will deal with director

configurations calculated in the approximation of a single elastic constant

K, =K 2 =K3 =K and strong surface anchoring which can be either parallel or

orthogonal to the polymer-liquid crystal interface. Further, we neglect a possible

spatial dependence of the nematic order parameter. The minimization of the free

energy (elastic and external field contributions) results in a nonlinear partial

differential equation which is solved using the nonlinear over-relaxation method. 23

U 3
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The degree of the field induced director alignment in the droplet depends on the

strength of the external field. The correlation length2 4  = (k/Ac 0) /E is usually used

as a measure of the range of the surface induced ordering in the presence of the

external field E. Here Ac is the anisotropy of the dielectric constant. The solution for

parallel anchoring has two point defects in the bipolar structure (see schematic

representation in Fig. 2). We introduce the term droplet director N for the direction

of the axis of the cylindrical symmetry. In the case of normal surface alignment the

solution is a star structure for low fields and configurations with an equatorial

disclination 1 line for strong fields.

Ill. STRUCTURE FACTOR

Neglecting multiple scattering we can write the total scattered electric field at an

arbitrary observation point r, where the far field approximation is valid, as a simple

sum:

idk-k), r.

E (r)= S' E .(r)e -
(1)

S Si

Here E is the contribution of the jth droplet located at rj (see Fig. 3). We are

assuming that the coherence length of the incident light is very large in comparison

to the inter droplet distances. To get a measure of the scattering power we introduce

the effective differential cross section per droplet as

do r2  E(r) 2
d = - (2)
dQ N E

0

4I
V -e.~~~



where Eo is the amplitude of the incoming planar wave and N the number of

droplets. Substituting Eq. (1) into definition (2) one finds:

O *

do r2 Y 1E .t(r, 2 E jr). E .(r) i(k.-k-). (r.r

dQ N + E- ~t 2 e
0 -

Further, we substitute the summation over different droplets by averaging over

possible orientations of aiiisotropic droplets and as well over different droplet sizes:

N J

and get

do do. do ik . (r.-r_= ) + _ e

d!Q dQ dQ N
itj

where do( /dQ stands for the cross section corresponding to the average scattered

field < E > and doj/dQ for the differential cross section ofj t h droplet. We use k s for

k-k'. We have taken into account that there is no correlation between droplet

position, orientation, and size. Introducing positional pair correlation function 25

g(r) we can write for the case of N> > 1:

ik" Nr-r ikr'
~- S I __

= - g(rl e dV', (5)N irj V

N V
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where NIV is the number of droplets per unit volume. The Fourier transform of g(r)

given by Eq. (5) has a strong forward (ks = 0) part, which in fact does not contribute

to the scattering and is usually subtracted. 26 Therefore, we can rewrite Eq. (4) as:

do do. dou
=-)+ -G(k) (6)

d- = d dQ s s

where

N f ik .r'
Gs(k jg(r) e r dV'. (7)

S S VJ

It is convenient to introduce the structure factor 2 6,27

do( do.
F(k )I + G (k (8)

S s sd d(2

so that effective differential cross section is given by:

do do
-- =(<Fk ). (9)

d!Q dQ S

In a simple case where all droplets are eigenvalent F(ks ) reduces to

F(k 1 + G (k). (10)
S S S

In the following we are going to discuss possible simple forms of the pair

correlation function, which will enable us to get F(ks).

6



IV. PAIR CORRELATIONS

In principle the pair correlation function could be obtained by electron ,

microscopy, when the spatial position of the droplets are resolved. Usually only a 2D

study is performed by observing a reflection on a planar cut through the sample (see

Fig. 1). In such a case the apparent pair correlation function g(p) is related to the g(r)

in the following way

= R g \/p 2 + (z-z)2 )dzdz. (11)
4R2 -R -R

where p is the interdroplet distance in the plane of cutting. There is no general way

of solving this kind of integral equation. 28

Let us try to illustrate our discussion on a simple example when g(r) is of a square

well type (good approximation for diluted dispersions of hard spheres of the same

size):

0 r< b
g (r) = Q _ (12a)

then b = 2R (see Fig. 4a). Inserting Eq. (12a) into (11) one finds

2 j 2
{(1-(1-(p/2R)2) ) p<b

"o(P) = j p> (12b)

where the apparent pair correlation function go(p) differs from go for small distances

(see Fig. 4b). These kind of differences between g(r) and g(0) are expected also in

more realistic cases.

7
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The real g(r) for a nematic droplet dispersion is affected by a size distribution

P(R). To see what kind of changes one can expect, we can study the limit of low

concentrations where we find:

g(r) =JP(R) g (r) dJ f 1 P(R) dR (13)
J0

To show the effect of P(R) we choose a simple gamma distribution

P(R) = a (3-I' R0- 1 -R (14)

usually used for the description of the colloid dispersion. 29 It can qualitatively

describe some nematic dispersions as well. 17 Here r(p3) is a complete gamma

function. Parameters a and f3 are simply related to (R) and OR =(R2)_

R)2) by relations

WR) P [/a Q15a)

and

o - .(15b)

In Fig. 5 it is shown how the distribution changes with OR for a chosen (R).

Introducing distribution (14) into Eq. (13) one finds

or
g(r) = (, 2 r(- ) (16)

A%
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when y(p3, ar/2) is the incomplete gamma function. The resulting low concentration

pair correlation function is shown in Fig. 4(c) for oR = <R >/2.

The pair correlation functions g(r) given by Eq. (12) or Eq. (16) are not suitable

for the description of higher concentrations. One must use experimental data or

simulate g(r) on a computer or use a Percus-Yevick type approach developed for hard

spheres. The last approach was explained in detail by Vrij. 2 4,30

Let us calculate the structure factor for our simple case given by Eq. (12).

Introducing

u(x) = - -x c u (17)
X3

one can write

G S = -8CD u(2ksR). (18)

Where CD is the volume fraction occupied by droplets. If all droplets are equally

oriented follows

F(ks) -1 - 8 CD u(2kR). (19)

One can see that only low CD (< 1/8) gives physically reasonable results. In Fig. 6

F(k s ) is illustrated for several CD. The forward scattering is reduced due to the

complete randomness of the droplet positions. The low concentration reduction

where Eq. (19) can be used is proportional to CD. After our treatment of single,

droplet scattering we shall be able to see how F(k) is influenced by the distribution of '.1

sizes.

9
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V. LIGHT SCATTERING IN RGA

We are going to use the results of Ref. 11 where in RGA differential and total

cross sections have been evaluated.

Using the scattering matrix representation (1) we can write (see Ref. 11) the

scattered electric field as:

(E) S 1 . 1ikrS(E) I [S S Il e i1" E e 
( - k20)

(Es~z = I j S.li S l e' i± kr

where r is the distance to the observer, e is the polarization unit vector, i(1 and i± are

unit vectors perpendicular to k, II stands for parallel to the scattering plane, and -L

stands for the direction orthogonal to it (see Fig. 3). The scattering matrix is:

(kR)2  j1"I

S.= " (21)
j 3 u 1 (j) i (D

When i 1' is the unit vector parallel to the scattering plane and orthogonal to k' and D1

is the 3D Fourier transform of the m'-:-1. Here cm is the dielectric constant of the

isotropic polymeric matrix and c is the dielectric constant of the nematic phase P.
oriented with the main principal axis parallel to the local director n. The

corresponding principal values are ell and c_. Here we are going to neglect possible

spatial variation of the nematic order parameter in the droplet. Limiting our

treatment to spherical droplets we can, according to I, express D as:

D(kR) 1 u(k R) + rq _ v j..(Rk SP .R ), (22)
j=0,+,+2 so  s z .

10



where

= Tr(c)/3c - ( (23u)
- m

I _ (23b)

3%,,

1 0 0 001 00

0 1 0 0 0 0 , 0 1

0 0 2 1 0 0 010

1 00, 0 10~

a+2 0 1 0 2 =- 1 0 0 (24)

0 0 0 0 0 0

SfP(Z) 3
u (Rk ,Rk 4 n -- sin 2 ) (k p )cos(k z p dp dz , (25a)
o sp sz J o fo 2 no spn szn n n n

U (RkspO sR k  4n)=4Vs R ()sn0J kp)i~ z )p do dz ' (25b)

±1 +_ sz " I sindd oP 0 0 o s sz n n n n

cos4l R p p(Z)

4f n 2
u+(Rk ,4,Rk 1= - J (k p)cos(k z )p dp dz (25c)

±2 sp s sz V Isin2 1 0  no2o sz n n n n

Here J0 , JI, and J 2 are Bessel functions. The components of the wave vector k,

written in terms of angles 0, 5, and y (see Fig. 7) are

ksp k1Q -cos8) cos20 (1 -cos5) + 21 -sincoOcosy) + U , (26a)



k s= k I cosO( - cos6) - sin8sincoy (26b)

- sin~sin(
J s- a sinkcosOcosy + sinO(1 -cos ) (26c)

and its absolute value is given by

k =2k sin -. (27)

s 2

The differential cross section of thejth droplet can be written as

dok4R6 Ii' (D e) 2

d II R t.
d 9 i _(De)12  (28)

To get the effective cross section we must calculate

do. 4  2 2 1
(R61 De) + ).L (29)

dO -(R.l +-:1 I ]

and
w

d - (J 2 + R (Le (30)

The average < > includes averages over size and over the possible orientation of

droplet directors. In general D, which is related to the director configuration,

depends on the droplet radius, so that all these averaging must be performed

numerically. If the spread in droplet size is small, oR_ -< <R>, we can take into

acount the fact that in Eq. (29) the dependence of D on radius is much weaker than

12 1)
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the dependence of the factor R 6. Limiting to such cases, we can separate the

averaging over size < > Rfrom the averaging over droplet director orientation

< > and get:

do k462
(--L - R I. ID (R)kJeI +dOi 9I

+ jiil Dj ((R)k.s)e 1 2). (31)

and

do( k 4  32 j 2 f j 12 
( D(1,)) L,( )(2

-Q 9 -J 32S)II\.\,rIDd.\(2

In order to be able to calculate the attenuation constant we must first calculate the

total cross section:

doN
o = L (F(k )) dcosS da (33)

() s R

where <F>R stands for the structure factor with the pair correlations averaged{

over droplet sizes. In the following we are going to treat some special cases.

0) Droplets With Radial Director Configu~ration. Using results from I and Eq.

(19) one finds:

04 62euI+3 O8-1 2 k (R)\(L\
0 9k <R > ( 0 Cos28 2k S(R))~( + 2 c os8 - CA uv~ 4rj ukSi) (R))

13



+ 2 V2( k(R))fI + -(3 +cos8A F(k ) d(cosW) (34a)

when

F(k)=I1+ G(k )<R3>2 / <R6>J (34b)

where in this case vo given by Eq. (25a) reduces to

V (x) I~ {4sinx - x cosx - 3Six}(35

0 X3

x¥

Let us first consider the case where all droplets have the same size

(<R 6 > = <R3 > 2 =Ro6 ) and Gs is given by Eq. (18). Figure 8a shows the effect of

the volume fraction occupied by droplets on the differential cross section given by the

function under the integral Eq. (34). By increasing CD backward scattering is

increasing and forward scattering is decreasing. It reflects the constructive

interference of light scattering by the closest droplets. The effect of CD on the

effective total cross section is shown on Fig. 9a. It should be stressed that here we

used low concentration approximation for g(r). In case of droplet size distribution the

interdroplet interference is strongly reduced. For the case OR = R/2 presented in

Fig. 5 we have <R3 > 2/<R 6 > = 5/21 that reduces the interference term in Eq. (34)

for a factor -4. In this consideration we neglect changes in GS(k s) which are less

drastic.

ii) Droplets Oriented in a Strong Field. Here we are going to illustrate the case

of kilN (also ii external field) where expressions become particularly simple. One

finds

14
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_n k n(R)6 (_)2 ( +coS28)u 2 (k(R) F(k ) dcosS (36)--9 s '

The behavior of do/dQ! for systems with uniform size droplets where F(k ) is given by

Eq. (34b) is shown on Fig. 8b and is similar to the behavior of the radial case. The

same is true for the total cross section (see Fig. 9b).

iii) Randomly Distributed Droplet Directors. Here we assume that Lhere is no

external field and that droplet structures are bipolar. Unfortunately <doldfQ> -

given by Eq. (31) cannot be simplified. The whole averaging process must be

performed numerically. On the other hand, the evaluation of do( ) Idf reduces to the

evaluation of < D / < R > k )> and further to

(C/tm- I) = 1 (2e± + )/C -1, (37)

when the complete randomness of the distribution has been taken into account. The

resulting

(D) = l.u((R)k) (38) V

corresponds to the isotropic droplet with average c, so that we can write

4

= - (R Co csa+si Rk39
df) 9 U

The behavior of the resulting effective differential cross section is shown in Fig. 8c.

15



V.. ATTENTUATION OF THE LIGHT

The decrease in the intensity of the light beamj after passing the distance dz in

our media is given by:

N
dj -jo - dz. (40)

V

Introducing the average volume of a droplet 3n <R 3 >/4 we get:

- iz

j=je (41)

where the attenuation coefficient is given by

30
/U = Cn (42)4n (R3) _

The validity of Eq. (41) is limited to the situation where the contribution of the single

or multiple scattered light registered by the detector is small compared to the

contribution of the attenuated direct beam. For small droplets, kR:- 1 where the

scattering is not predominantly forward, we estimate the limitation on j./jo in the

following way:

> > (43)
Jo 4r

where AQ is the solid angle of the detector. Here we assume that the scattered light

is coming uniformly from all directions but only AQ/4n of it is registered by the

16



detector. In case of large droplets, kR > 1, the scattering is predominantly forward so

that limitations are more severe

- > (44)J , A Q 0
oo

where AQs is the solid angle into which the dominant part of the light is scattered. 31

VII. EXPERIMENTAL RESULTS

To experimentally examine the theoretical results, samples were made using the

liquid crystal E7 (BDH Chemicals, England) and the epoxy resin Bostik (Bostik

Sp.A., Italy). The preparation involves phase separation of a liquid crystal rich

phase from our initially homogeneous mixture, as described elsewhere. 32 Samples

were prepared sandwiching the uncured material between two conducting (In/Sn

oxide coated) glasses and allowing the phase separation to occur at a definite

temperature. The spacing between the glasses was controlled using Alufrit spacers

(Atomergic Chemicals, NY) and chosen to be -60 pm, unless otherwise specified. The

N-I transition temperature of the liquid crystal rich phase increases for about 2

weeks after the sample preparation, to reach a constant value -20C lower than the

transition temperature in the pure E7. Light transmission measurements were then

taken only after the cure of the materials was completed.

Since for our light attenuation experiments, materials with small droplets were

needed, samples were chosen with an average ratio of <R>-0.1 ±0.05 pm, and

<R>=0.13±0.1 pm. These sizes were measured on the samples used for the

experiments by scanning electron microscopy (see Fig. 1). The relatively large error

on the detection of the droplets dimensions is a consequence of their small size which

is at the limit of detection for the SEM technique on these materials. While for the

' #As ' ' . :'' " ,e ;'. .' r ' 're; :< ''.*'' 3- . . . . .. .. .. . ... ..'.'''';..'. .j.x ,''',y . ,'''.' '€,., '.,17 ', '



samples in the larger size droplets, SEM allowed an estimate of the droplets volume

fraction, CD = 0.1. In the samples with small droplets only a rough size

determination was possible, but not enough details were accessible for an evaluation

of CD. Although characterization of samples with larger droplets would have been

easier, their use would have led us out of the approximation range we deal with in

this paper.

Figure 10 shows the dependence of transmitted light on the thickness of the

nematic embedding polymeric material when no electric field is applied. The light

source used was an He-Ne laser (Spectra-Physics). The transmitted intensity shows

an exponential dependence on the thickness, as described by Eq. (41), in this case

where droplets are small ( < R > 0.1 pm).

In Fig. 11 the dependence of the measured attenuation coefficient on the

reciprocal wavelength is shown. As expected for our approximation, <R > < 1, the

fourth power dependence of the attenuation coefficient on k (Pao) is followed rather

well. Theroretical curves are derived using the expressions valid for a random

distribution of droplets (section V-III) The indices of refraction used in these

expressions for E7 were the ones measured at room temperature: no= 1.522 and

n. = 1.746. For the index of refraction of the polymeric medium we could not use the

value measured in the pure epoxy material because we know that a certain amount

of liquid crystal is retained in the polymer matrix as a consequence of the

preparation technique, having as an effect an overall increase in the refraction

index. Since we estimate for our samples that about 10% of the total weight has to be

accounted for by liquid crystal solution "dissolved" in the polymer medium, the index

of refraction used for the embedding matrix was taken to be n,,, = 1 561 which is the

value measured at room temperature for a sample cured from an E7/Bostik 1:9

mixture.

18



Figure 12 shows the dependence of the transmitted intensity through the

material as a function of an external electric field. Again the light source is an He-

Ne laser. Theoretical calculations of the field dependence of light transmission

would require a much more detailed analysis, which is beyond the aim of this work

and in addition, to be compared with experiments, would require much better sample

characterization (droplet size and shape). Theoretical results can easily be obtained

only in both limiting cases of no applied field and very high field. The calculated

values p(E=O)=0.019 pm "1 and p(strong E)=0.0017 pm "1, are in good agreement

with experimental measurements (see Fig. 12).

N11. CONCLUSIONS

We have shown how the attenuation of the light beam in the polymeric dispersion

of submicron nematic droplets can be well explained in terms of the Rayleigh-Gans

approximation. The possible effect of the inter droplet interference was theoretically

analyzed. It was shown that it has minor effect on total cross section, but is crucial

for a study of the distribution of the scattered light. We have calculated the effective

cross sections for three simple configurations.

The averaging process was separated into angular and size part, which is allowed

for the cases with relatively well defined droplet size. Theoretical results are

compared to some experimental data obtained from oriented and random droplets

dispersed in thin films.
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FIGURE CAPTIONS

Fig. 1 Electron scanning microscope picture of the cut-through of a typical

sample.

Fig. 2 Schematic presentation of bipolar (a), radial (b), and strongly oriented (c)

nemnatic configuration (R/ - 14). %~

Fig. 3 Schematic presentation of the scattering on a droplet dispersion.

Fig. 4 Pair correlation function g(r) for diluted dispersion of hard spheres with

radia Ro(a), apparent pair correlation function 9(p, given by Eq. (11) (b),

and g(r) for distribution given by Eq. (14) with <R > =R0 and oR =Ro/2 (c).

Fig. 5 Droplet size distribution described by Eq. (14) is shown for a chosen <R >

and several OR (c).

Fig. 6 Structure factor for equal size droplet dispersion as a function of volume

fraction (CD) occupied by droplets.

Fig. 7 Schematic presentation of the scattering geometry for a single droplet with

all notation used in the text.

Fig. 8 Effective differential cross section vs scattering angle is shown for (a)

droplets with radial structure, (b) oriented droplets, and (c) randomly

oriented bipolar droplets. The volume fraction occupied by droplets is

varied as well. kR is taken to be 1.5.

Fig. 9 Total cross section as a function of kR is shown for (a) droplets with radial

structure, (b) oriented droplets, and (c) randomly oriented bipolar droplets. -

Fig. 10 The intensity of the light vs thickness of the polymeric dispersion film.k.

Results are already corrected for the effect of surface reflections. %

.4
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Fig. 11 The experimental dependence of the attenuation coefficient on the

wavelength of light is shown.

Fig. 12 The experimentally determined attenuation coefficient as a function of the

external electric field is shown.
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